Abstract Molecular dynamics simulation approach has been used to investigate the phase transitions from aluminophosphate AlPO 4 -H 3 . Derived from AlPO 4 -H 3 , several hypothetical models of its high-temperature phases are designed through removing the bridged water molecules and changing the up-down connected sequences of T-sites in the 4-membered rings. Full geometry optimizations are performed to obtain structural parameters for the models that are compared to the reported data, and their structure features and thermodynamic stabilities have been discussed. The simulation study suggests that AlPO 4 -H 3 is energetically favored to transform to AlPO 4 -C, and then to AlPO 4 -D as well as to other novel hypothetical 3D open-frameworks.
zeolites. These compounds, whose formations are promoted by the presence of organic templates, are constructed from alternation of AlO 4 and PO 4 tetrahedral with an Al/P ratio of unity. However, there are quite a number of AlPOs that contain 5-or 6-coordinated Al atoms which are coordinated to extra-framework H 2 O molecules or OH groups, such as VPI-5, AlPO 4 -12, 14, 15, 17 and 21 . Upon heating, the extra-framework species and the occluded templates may be removed, leaving an open-framework structure. The open-framework aluminophosphates and related materials, such as zeolitic materials, are thermodynamically metastable phase. In some cases, their frameworks are unstable and the phase transitions may occur during the calcination in which some new phases with novel structures can be formed [1ü3] . In 1961, a series of hydrates of AlPOs (including AlPO 4 -H 1 to AlPO 4 -H 4 ) were first synthesized by d'Yvoire [4] from dilute aqueous solutions without the assistance of an organic template. There are octahedrally coordinated Al atoms in AlPO 4 -H 3 due to the bonding of extra-framework water molecules. The water molecules can be removed reversibly by heating the hydrated sample, and AlPO 4 -H 3 converts to AlPO 4 -C. Nevertheless, further heating up to 250k, AlPO 4 -C topotactically transforms to AlPO 4 -D which has a framework topology different from that of AlPO 4 -C. Since then, the related crystal structures and phase transformations have been extensively studied [2,5ü8] .
In recent years, computational simulation approaches have shown an important role in the theoretical studies of microporous and related aluminophosphate materials, such as structure, cation distribution, molecular adsorptions of the open-framework materials and the templating effect [9, 10] . On the other hand, computer modeling approaches have greatly enhanced researchers' ability to elucidating the formation mechanism of microporous compound, such as the nucleation, crystal growth and templating effect in hydrothermal system [11] . Generally, the atomistic forcefield methods including energy minimization technique, molecular mechanics, and molecular dynamics are quite effective for modeling zeolite structures and studying of their structures stabilities [12] . In this paper, molecular dynamics simulation approach is used to investigate the phase transitions from AlPO 4 -H 3 to AlPO 4 -C and AlPO 4 -C to AlPO 4 -D. This will help us further understanding the nature of topotactic transformation in theoretical and guiding the synthesis of novel microporous materials.
Simulation method

Force field and parameter
Our computational simulation was performed by the Burchart1.01-Dreiding2.21 force field that combines the Burchart force field [13] , which is used to treat the frameworks of zeolites, and Dreiding II force field [14] , which is used to treat the intra-and inter-molecular interactions.
Building models
Several simulation models were built in the Cerius2 package [15] . Firstly, the crystal structure of AlPO 4 -H 3 was built according to the report of Pluth et al. [7] . Secondly, the water molecules bonded to Al atoms were removed from the structure of AlPO 4 -H 3 , leaving a neutral openframework structure with an empirical formula of Al 16 P 16 O 64 , denoted as M-1. Thirdly, starting from M-1, a series of hypothetical models topotactically transformed from AlPO 4 -C were designed by changing the up-down connected sequences of T-sites in the 4-MRs of M-1, denoted as M-n (n > 1).
Energy calculation
The geometry optimizations based on the simulation models were performed to identify the structurally reasonable models with low energies that might transform from AlPO 4 -H 3 . The framework energies (E f ) of inorganic frameworks in M-n were calculated, which include bonds, Urey-Bradley, van der Waals (VDW), and electrostatic energies. The energy-minimization approaches were used to roughly optimize the structures firstly and then the Anneal Dynamics-NPH ensembles of molecular dynamics were used to make global optimization.
Results and discussion
The structure of reported AlPO 4 -H 3 [7] ( fig. 1 ) consists of alternated Al and P atoms, linked by the bridging oxygen atoms. Each P atom is tetrahedrally coordinated, one of the two inequivalent Al atoms shares four bridging oxygen atoms with the P atoms and another Al atom, however, is bonded to two water molecules as well as four framework oxygen atoms. upon heating at about 100 k [5] . The openframework structure of [5] . AlPO 4 -D contains the same type of three-connected 2D nets and 8-MR channels along the c direction as AlPO 4 -C, but it has the up-down-up-down (UDUD) narsarsukite-type chains ( fig. 2(c) ) instead of the up-up-down-down (UUDD) double-crankshaft chains ( fig. 2(d) ) of AlPO 4 -C. Our simulations are carried out using molecular dynamics approach to study the transformations from AlPO 4 -H 3 . In the model AlPO 4 It is also higher than those of the reported aluminophosphates as we noted above. After the geometry optimization, the final structure of M-1 ( fig. 3(a) ) is agreeable with the reported calcined structure of AlPO 4 -H 3 , namely AlPO 4 -C [5] chains. Structurally, the topotactic transformation from the UUDD chain to the UDUD chain is easily understood since the later can be derived from the former by changing the up-down con- In addition, the transformation of AlPO 4 -21 to AlPO 4 -25 also involves a change from the UUDD chains to the UDUD chains [1] . Based on the above, several hypothetical models are designed from the modified model M-1. They both contain the 4.8-nets, however, the up-down connecting sequences between the layers are different. Fig. 4 gives the projections of the connectivity of 2D nets in several hypothetical structures (namely M-2 to M-7) for calcined AlPO 4 -C. From fig. 4 we can see that the topological connection of model M-2 is the same as that of the reported AlPO 4 -D, the calcined structure of AlPO 4 -C. After full geometry optimization, the structure of model M-2 ( fig. 5(a) ) is in agreement with AlPO 4 -D [5] ( fig. 5(b) ). The The simulation results indicate that the aluminophosphates. This means that these hypothetical structures may exist under certain conditions.
Conclusion
Computational simulation approach allows us to investigate the phase transitions of aluminophosphate materials. Starting from the reported AlPO 4 -H 3 , the theoretical models of its calclined forms, AlPO 4 -C and AlPO 4 -D have been reasonably simulated. Their calculated bond lengths and angles are agreeable with the available reported data. Furthermore, several novel hypothetical frameworks that are energetically stable forms have also been designed by changing the connected sequences of T-sites in the 4-MR of AlPO 4 -C. They might be obtained under suitable conditions. This will assist in the rational design and synthesis of new 3D frameworks with specific structures.
